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« JWST will be able to 
observe the outer 
planets without 
saturating in at least 
some modes. »  
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Maxwell-Faraday 
induction law
Ampere law
Auroral process 
applies to all magnetized 
bodies surrounded by plasma
Brown dwarf 
aurora  
(Hallinan et al., 2015)
Nichols, 2011
Ganymede 
aurora 
(Saur et al., 2015)
Current system
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Jupiter (North) FUV aurora 
HST STIS TTAG F25SRF2 MIRFUV 
GO-14634 
H2 / H / He /CH4 Total emitted UV Power ~1 TW
~200km/pix   30sec
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Saturn 
(South) FUV 
aurora 
HST STIS Accum 
25MAMA MIRCUV 
GO-10083 
540 sec 
~500km/pix 
0.1 TW
Clarke et al., 2005
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Uranus (?) FUV aurora 
HST STIS Accum F25MAMA MIRCUV 
GO-12601 
1000 sec 
~1000km/pix 
0.001 TW
Lamy et al., 2012
Denis GRODENT - Science with the Hubble and James Webb Space Telescopes V - Venice, It, March 20-24, 2017STAR
InstituteU.Liège
John Spencer, SwRI
Denis GRODENT - Science with the Hubble and James Webb Space Telescopes V - Venice, It, March 20-24, 2017STAR
InstituteU.Liège
NASA Juno mission 53.5d orbit PJ03
Magnetic coordinates (tilted)
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Jupiter (North) FUV aurora 
HST STIS TTAG F25SRF2 MIRFUV 
GO-14634 
151 HST orbits 
Coordinated with Juno
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S3 effect occurs mainly along the footpath, and the devia-
tion perpendicular to the footpath is barely measurable with
HST. The very low scatter of Io’s footprint location across
the contour, less than 2!, over such a large data set spanning
3 years of observation may then be considered as evidence
for the high quality of the center finding method. This is a
necessary prerequisite for the present analysis which sup-
ports our conclusions. Data points appearing at latitudes
larger than 80!, between S3 longitudes 270!–360!, and
larger than 85!, near the 90! meridian correspond to
unfavorable viewing geometries where Io and/or its tail
are very close to the planetary limb. For these configura-
tions, the conversion from pixel position to planetocentric
coordinates is highly inaccurate and the precision is on the
order of 5! in latitude and 10! in longitude. However, these
data points are extremely valuable because they correspond
to previously unseen locations. They provide new informa-
tion on the closure of Io’s reference contour in a region
which is barely visible from Earth orbit. The location of Io’s
trailing auroral tail was included to define Io’s reference
contour since it appears that the tail almost perfectly aligns
with the footprint spot. Close inspection of the 70!–120!
sector in Figure 1, and of the individual images displaying
this region, consistently suggests that the contour has the
shape of a kink, or more precisely it forms a hinge near
latitude 78! and the 110! S3 meridian. This inflection point
breaks the contour and gives rise to the distorted shape
described by Grodent et al. [2003]. This hinge will be
interpreted later in the text as the signature of a localized
perturbation of the surface magnetic field. The kink appears
independently of the region near 0!, and thus of the 30-80!
gap. It is primarily the lack of symmetry with the region
between 180! and 270!, and the presence of a hinge of Io’s
footpath at 110!, confirmed by hundreds of data points from
various observing geometries, which suggest the kink. The
lack of symmetry is best seen in Figure 3a, where we compare
the observed satellite footprints with the ‘‘symmetric’’ VIP4
footpaths.
3.2. Europa Contour
[15] So far, the location of Europa’s footprint (EFP) has
been seldom discussed, mostly because of the lack of
detections. Grodent et al. [2006] provided reference posi-
tions for the 130!–150! System III sector, corresponding to
Figure 1. System III polar map of the UV auroral features
obtained from the 1136 ACS images of Jupiter’s northern
polar region considered in the present study. A 10!-spaced
grid is overplotted with 180! System III toward the bottom
and 90! to the right. The footprint location of Io (red),
Europa (blue), and Ganymede (green) is fitted with three
continuous reference contours through their respective data
point clouds. The location of Io’s trailing tail is included to
define Io’s reference contour. Io footprint points are
represented with black pluses, they form the equatorward-
most red contour and overlap Io’s tail points marked with
small dots. Europa foot points appear as black crosses,
between Io’s contour and Ganymede’s contour. Ganymede
(black plus) gives rise to the poleward-most green contour.
The yellowish dots standing poleward of the Ganymede
contour correspond to the main emission (ME).
Table 1. System III Longitudes and Jovicentric Latitudes of the
Observed Northern UV Footprints of Io, Europa, and Ganymede as a
Function of the Satellites’ System III Longitude; All Angles are in
Degreesa
Io (5.9 RJ) Europa (9.4 RJ) Ganymede (15 RJ)
Satellite S3
Longitude
S3
Longitude Latitude
S3
Longitude Latitude
S3
Longitude Latitude
40.0 77.7 81.6 138.3 75.2
50.0 95.9 76.6 123.7 77.1 138.9 74.4
60.0 108.3 70.5 128.6 72.6 140.0 72.7
70.0 118.0 64.9 133.1 66.7 141.7 69.0
80.0 125.3 61.5 137.2 62.2 143.0 64.7
90.0 131.1 58.7 140.5 59.5 144.6 61.9
100.0 135.9 56.0 144.3 56.7 146.7 59.7
110.0 141.2 53.2 148.2 54.7 149.2 58.0
120.0 145.7 51.3 151.6 53.5 152.3 56.2
130.0 149.9 49.9 155.1 52.5 155.5 54.9
140.0 154.2 49.1 158.5 51.9 158.8 54.2
150.0 158.7 48.6 161.7 51.6 162.2 53.6
160.0 163.6 48.8 165.1 51.5 165.5 53.5
170.0 168.5 49.1 168.8 51.5 169.0 53.5
180.0 172.9 49.5 172.6 51.9 172.3 53.6
190.0 177.9 50.5 176.5 52.5 175.6 54.0
200.0 183.1 52.0 180.6 53.4 179.3 54.8
210.0 188.9 53.3 184.6 54.5 183.2 55.8
220.0 194.5 55.1 188.5 55.6 187.1 56.8
230.0 200.0 56.7 192.8 57.0 191.1 57.8
240.0 206.0 58.3 196.9 58.3 195.3 59.0
250.0 212.5 60.0 201.6 59.6 199.8 60.2
260.0 219.6 61.4 206.4 60.7 205.0 61.6
270.0 227.9 63.5 210.5 62.9
280.0 237.1 65.4 216.5 64.8
290.0 247.0 67.0 222.5 66.8
300.0 257.5 68.3 229.0 68.7
310.0 268.5 69.5 235.9 70.6
320.0 280.3 70.2 243.0 72.4
330.0 292.9 71.0 250.6 74.9
340.0 306.9 72.3
350.0 322.2 74.1
aThese footprint positions correspond to the three reference contours
drawn in Figures 1, 3, and 4. They are values averaged over 10-degree
longitude bins (see text).
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any change in the coefficients, at least these for l ! 4, will
simultaneously alter the footpaths of Io, Europa and Gany-
mede. In other words by changing the l ! 4 coefficients we
cannot reproduce the divergence of the footpaths, nor the IFP
hinge. In addition, previous studies of the southern auroral
emissions [Clarke et al., 1998; Grodent et al., 2003] suggest
that there is no such divergence of the southern footpaths at
magnetically conjugate locations. Accordingly, it is neces-
sary to consider a change in the model magnetic field which
does not significantly affect the southern surface field.
[27] The simplest way to account for the distorted and
diverging northern footpaths consists in decreasing the
surface magnetic field as described above and adding a
small localized magnetic perturbation to the internal mag-
netic field. We consider the confined influence of a small
dipole rigidly rotating with the planet just below the surface.
The expression of the magnetic anomaly caused by this
dipole follows the formulation of Dyment and Arkani-
Hamed [1998] which allowed us to adjust the dipole source
position in Jupiter’s coordinates, as well as the magnitude
and orientation of its magnetic moment. These parameters
are listed in Table 2. They were specifically set in order to
restrict its influence to the kink region and to reproduce the
Io footprint hinge near 78! of latitude and 110! of S3
longitude without affecting Europa and Ganymede’s foot-
paths. We consider a dipole source near the hinge, actually
equatorward of the footpath of Io at a latitude of 64! and a
longitude of 107!. Its main effect is to drag the field lines
passing by the hinge toward the equator. Its region of
influence is controlled by the depth of the dipole; the deeper
it is, the larger its range, provided its moment is increased
accordingly. A reasonable compromise is reached by setting
the epth to 0.245 RJ below the urface and the magnitude
to "0.05 GRJ3, i. ., "1% of Jupiter’s dipole moment. Its
projection on the surface is approximately oriented al ng the
normal to Io’s footpath at the level of the hinge and has a
small radial component off the pla et. It thus locally incr ases
the unperturbed surface magnetic field. Figure 4b shows a
polar projection of the perturbed northern surface magnetic
field magnitude and the new calculated reference contour of
Io (to be compared with the unperturbed VIP4 mo el in
Figure 4a). The magnetic anomaly created by the dipolar
perturbation appears as an isolated outgrowth near the 100!
meridian. Its magnitude is relatively large compared to the
unperturbed field and reaches "70% of the maximum
value. However, its influence rapidly falls away from the
Table 2. Characteristics of Two Possible Perturbation Dipoles in
Spherical Coordinates (r, q, f), Following the Formalism Given by
Dyment and Arkani-Hamed [1998]a
Dipole Source
Point Position
Magnetic Moment
Components (Gauss)
r = 0.755 RJ (depth = 0.245 RJ) Mr = 0.01
q = 26! (colatitude) Mq = 0.03
f = 107! (S3) Mf = 0.037
r = 0.755 RJ (depth = 0.245 RJ) Mr = #0.02
q = 22! (colatitude) Mq = 0.015
f = 120! (S3) Mf = 0.045
aThe upper rows correspond to the dipole equatorward of the Io footpath
discussed in detail in the present study. The lower rows characterize an
alternative dipole, poleward of the Io contour, in better agreement with a
probable poleward curvature of the EFP and GFP footpaths in the anomaly
sector. The total magnitude is "0.05 GRJ3 in both cases.
Figure 4. System III polar map of the surface magnetic
field intensity (Gauss) obtained with the VIP4 plus current
sheet model (a) [Connerney et al., 1998] and with the
perturbed odel ded c d from th present study (b). The
VIP4 f otpath of I is overplotted as solid line in Figure 4a
and the observed footpath of Io ded c d from HST images is
drawnwith black dots in Figure 4b. The major differences are
the lessening of the surface field about the 120! S3 meridian
between 60! and 90! latitude, the increased and slightly
displaced maximum field near 160!, and the presence of a
localized perturbation dipole field equatorward of the
footpath of Io at a latitude of 64! and a longitude of 107!.
A 10!-spaced grid is overplotted with 180! S3 toward the
bottom and 90! to the right. The same color table applies to
both figures.
A09201 GRODENT ET AL.: JUPITER’S MAGNETIC ANOMALY
8 of 10
A09201
M g etic Anomaly near the surface of Jupiter
Grodent et al., 2008
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oriented. Unfortunately, the number of suitable time‐tag se-
quences is limited to two. In order to avoid the motion blur
which affects the width while keeping a sufficient signal to
noise ratio, the 10 s frames were manually shifted in order to
compensate for the IFP motion before being co‐added.
[22] Figure 8 shows an example of images generated from
the same sequence with and without motion compensation.
It is noticeable that the motion obviously increases the IFP
width, which directly indicates that the instantaneous IFP
curtain width is significantly smaller than the motion blur
extent. After removing the local planetary background close
to the spots, the width is measured by extracting a brightness
profile perpendicular to the footpath. However, the width
of this profile is strongly dependent on the orientation of the
footprint on the image, and thus does not represent the curtain
width. Actually, even in the very restrictive case selection
used here, the footprint is never exactly aligned with the
observer. Therefore it is necessary to model the real image
geometry to take these orientation effects into account. Con-
sequently, a 3‐D IFP emission model has been built in order
to demonstrate the existence of these effects and evaluate
their impact. This model simulates the apparent IFP width for
different actual input width. It consists in simulating the FUV
optically thin emissions for an IFP formed of three indepen-
dent spots and an extended tail. The longitude and latitude of
the spots and the tail are derived from the reference footpath
and interspot distances reported by Bonfond et al. [2009]. For
each feature, a law describing the evolution of the brightness
Figure 8. Example of Io footprint as seen from above (a) without and (b) with motion compensation.
(c) Comparison of the apparent width of the auroral curtain with (solid line) and without (dashed line)
motion compensation.
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Figu e 1: Sch m of the Alfve´n wing reflection pattern and Trans-hemispheric Electron
Bea s (TEB, shown in red) when Io is in its northern-most (top), central (middle) or
southern-most position relative to t e plasma torus (shown in yellow). The Main Alfve´n
Wing (MAW) is shown in blue and the reflected one is shown in blue. On the top panel,
in the North, the distance between the MAW spot and the TEB spot (DTEB) is maximal
s w ll as the distance between the MAW spot and the RAW spot (DRAW ). Note that in
a linear case, maxDRAW ∼ 2maxDTEB. In the South, DTEB is also maximal, but the
TEB spot is now upstream of the MAW spot. DRAW reaches its minimum. When Io is in
the center of the torus (middle panel) the situation in the two hemispheres is symmetric,
and the TEB spots are merged with the RAW spots.
21
Multiple satellite footprints
Bonfond et al., 2016
Bonfond et al., 2016
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Spectral auroral scan (unsupported mode) 
HST STIS FUV MAMA G140L slit 52x0.5 1425A 
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Grodent et al., 2001
H2 + e →  
H2* + e → H2 + h𝜈 
H2 + e →  
H + H* + e → 2H + h𝜈
EUV - FUV aurora
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Grodent et al., 2001
H2 + e → H2+ + 2e  
H2+ + H2 → H3+* + H 
H3+* → H3+ + h𝜈 
H3+ + CH4 → CH5+ + H2 
H3+ + e → H2 + H 
H3+* + H2 → H3+ + H2* 
H2* → H2 + h𝜈 
IR aurora
H2 quadrupolar
𝜏 ~1000 sec
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Jupiter IR aurora 
ESO VLT CRIRES (AO, 8m)  
Spectral scan (similar to UV) 
pixel scale ~0.1’’  (0.2’’, STISx8) 
L-band 3-4 𝜇m
Stallard et al., 2016
long-slit 10 sec for 15 min
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Jupit r IR aurora 
NASA IRTF NSFCam (3m)  
120 sec Images 
Pix l scale ~0.15’’ (0.2’’ STISx8) 
narrow band 3.45 𝜇m
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Subaru Telescope 
0.2’’ resolution with AO. 
10 x 2 sec exposures. 
Unpublished material, courtesy 
Hadjime KITA, Haruna 
WATANABE (Tohoku Univ.) 
8.2 m. National Astronomical 
Observatory of Japan, Mauna 
Kea   
Spatial resolution 
appears to be limited 
by H3+ lifetime (several 
minutes)
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Juno - Jupiter 
flyby 
(next PJ05 on March, 27)
JIRAM 
high-res images 
of the IR aurora
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Fig. 50 Imager coverage on the
northern aurora during orbit 10 in
the 2 hours before perijove. The
blue rectangles are the L-band
imager footprints, the white line
is the track of the spacecraft on
the planet, and the red curve
represents the position of the
auroral main oval
the transfer to the spacecraft, before the downlink. Data from the imager can be simultane-
ously collected from both the L-band and the M-band sides of the imager (sub-mode I1)
or they can be downlinked separa ely (sub-mode I2 or I3). The compression on the imager
data is a lossy compression and reduces the images of a factor 6. On the other hand, on the
spectrometer, an averaging of 4 or 16 contiguous slit pixels can be activated to diminish the
data volume of the spectral data. However, this operation leads to a consequent reduction of
the spatial resolution and it is applicable when the spatial resolution can be sacrificed for a
necessary data volume reduction. Another way to reduce the spectral data volume is through
a data compression routine on board the instrument. In this case the compression routine is
lossless and, then, has a limited efficiency due to the fact that the full information contained
in the spectral data has to be maintained. The efficacy of the routine depends on the quality
of the original data: noisy data lead to the reduction of the compression factor. Furthermore,
in the presence of a high noise due to thermal reasons the routine does not converge to a
solution. However, the compression of the data will be applied only in specific cases, or
possibly never, as the allocated data volume budget is now about 3200 Mbit/orbit. Then lim-
itations for observations due both to the spinning of the spacecraft and to the presence of
environmental radiation will oblige JIRAM to be within the data volume budget most of the
time.
JIRAM could operate throughout the mission, including the gravity orbits, depending on
the deterioration of its focal plane due to radiation. Because of the constraints imposed by
the spacecraft orientation during the gravity orbits, the instrument can only operate between
−3 and +4 hours of perijove while the planet is inside its field of view. Figure 50 gives the
imager coverage on the northern aurora during orbit 10. The period of observation extends
from−2 hours from perijove to perijove time. Figure 51 gives an example of the spectrome-
ter coverage of the main hot spot latitude bands during orbit 3. In this case the spectrometer
slit is pointed in adjacent positions during the acquisition sequence to give full coverage of
the hot spot region.
6 JIRAM Data Format
The JIRAM imager data products are images taken on the two different portions of the focal
plane of 128 lines by 432 samples size. The JIRAM spectrometer focal plane is composed
of 256 spectra (lines) and 336 spectral bands (samples). The spectrometer FOV—namely its
entrance slit—overlays 256 pixels on one of the 128 lines of the M-band side of the imager.
Figure 52 shows the positioning of the spectrometer slit on the imager. The slit is combined
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Fig. 47 Pixel resolution at the
planet 1-bar atmospheric level.
The distance from the planet
corresponding to the time from
perijove is given on the right
y-axis
of the planet. Consequently, the JIRAM optical axis will be contained in the orbital plane
and the instrument will have the most favorable view of the planet. Observation will be
distributed in a time period between −18 hours and +6 hours from perijove. MWR orbits
are the 3rd, 5th, 6th, and 7th orbits. The 8th orbit is also considered a MWR orbit but the
spacecraft is going to be tilted to optimize the observing conditions of MWR. JIRAM could
also operate during other orbits for a limited number of hours around perijove time. Such a
limitation is due to the fact that other orbits are pla ned for gravitational measurements
that require a spacecraft orientation unfavorable to JIRAM. The main operations are planned
to start a few hours after the spacecraft is turned in the MWR orbital position. That is, the
observation time can start 18 hours before perijove time.
Observations will be normally extended for 3 hours after the perijove pass with the pos-
sibility of extending this time to 6 hours for a special auroral campaign in the southern
hemisphere. During the observation period the spacecraft speed will be high and the spatial
resolution at the planet (1-bar atmospheric l vel) will vary rapidly as a function of the dis-
tance of the spacecraft from the planet. The change of the pixel resolut during one of the
MWR orbits is shown in Fig. 47 covering the period of observation between −18 and +6
hours from perijove. The spatial resolution varies significantly with time during planetary
approach because of the fast motion of the spacecraft. It can range from about 260 km per
pixel down to almost 1 km per pixel at closest approach.
An important parameter to take into account in planning the observations is the dwell
time, namely the ratio between the instantaneous average size of the ground footprint and
the modulus of the ground speed v ctor, which links the patial resolution to the integration
time. The JIRAM maximum allowed integration time is 1 s. This limit is imposed by the fact
that Juno is a spinning spacecraft and the JIRAM’s despinning mirror can only compensate
for a limited time for mechanical reasons. Figure 48 shows the dwell time for the MWR
orbits due to the motion of the spacecraft. The dwell time calculation considers the motion of
spacecraft with respect to the Jupiter 1-bar surface and the planet’s rotation. The horizontal
lines show the minimum and the maximum integration times that JIRAM will use.
During each orbit, the quality of the m asurements can be reduce by the presence
of environmental radiation (energetic electrons and protons) present in Jupiter’s magne-
tosphere. These energetic electrons and protons can penetrate the JIRAM instrument and
create noise in the detectors. In general, protons generate larger noise signals in the JIRAM
detectors, but they are significantly less abundant than energetic electrons which can reach
very high fluxes. Electrons with energies higher than 10 MeV are expected to have fluxes
Adriani et al., 2014
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With appropriate IR instrument, it is possible to 
achieve the same image quality as that offered 
by HST-STIS in the UV.  
However, UV and IR do not show exactly the 
same features (ionospheric convection motion, Joule 
heating, atmospheric Temperature, …). 
                ⇒ Use JWST!
Possible to use JWST for Jupiter’s aurora? 
Yes, NIRCam (NIRSpec) is perfectly suited 
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)Near-infrared spectra of the four giant 
planets compared to the saturation 
limits of NIRCam filters, assuming 
640×640 pixel sub-array imaging.
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Possible 
configuration 
for observing 
Jupiter using 
the 640x640 
sub-arrays on 
NIRCam 
Norwood et al., 2015
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Near-infrared spectra of the four giant 
planets compared to saturation limits 
of the NIRSpec IFU (black) and slit 
(red). Maximum spectral resolution 
mode (R=2700). Gray regions = 30% 
uncertainty in the saturation values.
3’’x3’’ @ 0.1’’ IFU
0.2’’x3’’ slit
Norwood et al., 2015
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Thank You!
